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The  performance  of  the  fuel  cell  electrode  depends  on  many  factors:  types  of  materials  and  their  prop¬ 
erties,  composition,  process  parameters  and  fuel  cell  operation  conditions.  In  the  present  paper,  cathode 
electrode  performance  in  a  PEM  fuel  cell  as  a  function  of  Teflon  concentration  in  the  substrate  materials 
and  in  micro-layer  carbon,  pore  former  in  the  micro-layer,  amount  of  carbon  used  in  the  diffusion  layer 
and  Platinum  &  Nation  loading  in  the  catalyst  layer  are  studied.  These  six  factors  each  at  two  levels  are 
considered.  A  full  factorial  design  would  have  required  26,  i.e.,  64  experiments  to  be  carried  out.  With  the 
use  of  Taguchi  method,  Lu  designs,  the  number  of  experiments  can  be  reduced  to  12.  The  electrode  current 
density  values  are  taken  as  responses  for  the  analysis.  Statistical  sensitivity  analysis  (ANOVA  analysis)  is 
used  to  compute  the  effects  and  the  contributions  of  the  various  factors  to  the  fuel  cell  electrode.  Some 
graphic  representations  are  employed  in  order  to  display  the  results  of  the  statistical  analysis  made  for 
different  current  values.  The  behavior  of  cathode  PEM  fuel  cell  electrode  was  studied  using  humidified 
hydrogen  and  compressed  air.  The  present  paper  examines  the  six  main  factors  and  their  levels  responsible 
for  altering  the  performance  particularly  when  the  fuel  is  operated  under  ambient  pressure. 

©  2008  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

There  is  continued  interest  in  developing  polymer  electrolyte 
membrane  (PEM)  fuel  cells  for  stationary,  portable  and  transport 
applications  as  they  offer  several  advantages  over  competing  tech¬ 
nologies.  Even  though  PEM  fuel  cell  is  a  simple  electrochemical 
conversion  device,  the  performance  of  the  cell  strongly  depends  on 
many  factors  which  include  electrode  characteristics,  design  of  the 
cell(s)  and  operating  conditions,  etc.  A  large  number  of  experimen¬ 
tal  tests  are  often  needed  to  correctly  analyze  the  performance  of  a 
given  fuel  cell  (FC)  system  or  to  identify  the  parameters  of  a  physi¬ 
cal  model.  The  design  of  experiment  (DOE)  method  can  be  used  to 
evaluate  the  respective  impacts  of  the  physical  control  parameters 
on  the  FC  operation.  Statistical  sensitivity  analysis  (ANOVA  analy¬ 
sis)  is  used  to  compute  the  effects  and  contributes  various  factors 
which  are  responsible  for  fuel  cell  maximal  power.  Use  of  factorial 
designs  enables  to  reduce  the  number  of  experiments. 

Grujicic  [1,2]  used  statistical  sensitivity  analysis  to  determine 
robustness  of  the  optimal  PEM  fuel  cell  design.  They  used  steady- 
state  single-phase  three-dimensional  PEM  fuel  cell  cathode  model 
associated  with  a  U-shaped  air  distribution  system  to  include  the 
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effect  of  the  interdigitated  air  distributor  and  to  combine  it  with 
an  optimization  procedure  and  a  statistical  sensitivity  analysis  in 
order  to  identify  the  optimum  geometry  of  the  PEMFC  cathode  and 
the  interdigitated  air  distributor.  The  design  parameters  considered 
in  this  study  include:  the  cathode  thickness,  the  thickness  of  the  air 
distributor  channels  and  the  width  of  the  air  distributor  channels. 

Grujicic  et  al.,  also  studied  [2]  the  single-phase  two-dimensional 
electrochemical  model  and  compared  it  with  statistical  analy¬ 
sis.  The  optimum  PEM  fuel  cell  design  is  found  to  be  associated 
with  the  cathode  geometrical  and  operation  parameters  which 
reduce  the  thickness  of  the  boundary  diffusion  layer  at  the  cath¬ 
ode/membrane  interface.  The  predicted  electrical  response  of  PEM 
fuel  cells  is  highly  dependent  on  the  magnitude  of  a  number  of 
parameters  associated  with  the  oxygen  transport  and  the  reduction 
half-reaction.  However,  the  optimal  design  is  essentially  unaffected 
by  a  ±10%  variation  in  the  value  of  these  parameters.  Wahdame  et 
al.  [3],  in  their  study  considered  four  physical  factors:  hydrogen/air 
pressures  and  anode/cathode  flow  rates.  Each  factor  had  two  lev¬ 
els,  leading  to  a  full  factorial  design  requiring  16  experiments  (16 
current-voltage  curves  were  generated),  the  test  responses  param¬ 
eters  are  correlated  with  maximal  output  power  and  the  efficiency. 

The  operating  conditions  of  the  PEM  fuel  cell  also  depend  on  the 
types  of  electrode  structure.  The  number  of  factors,  which  affects 
the  performance  of  the  electrodes,  is  numerable.  Earlier  research 
has  been  performed  to  understand  the  role  of  micro-porous  layer 
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(MPL)  generally  consisting  of  carbon  black  and  polytetrafluoroethy- 
lene  (Teflon)  [4],  optimize  the  Teflon  content  in  MPL  [5,6]  and 
pore  structure  of  MPL  with  various  types  of  carbon  blacks  [7-9]. 
The  other  factors  in  the  catalyst  layer  like  Nation  loading  [4,10,11] 
and  platinum  loading  [12,13],  etc.  also  have  influence  on  the  elec¬ 
trode  performance.  The  performance  of  the  membrane  electrode 
assembly  also  depends  on  different  electrode  preparation  proce¬ 
dures  such  as  spraying  [14],  rolling  [15]  and  screen-printing  [16]. 
The  improvement  in  PEMFC  cathode  performance  was  reported  by 
many  researchers  [17-22].  A  large  number  of  factors  have  influ¬ 
ence  on  the  performance  and  each  factor  has  to  be  studied  at 
different  levels  and  then  experiments  have  to  be  conducted  by 
taking  one  factors  at  a  time.  In  such  a  process,  the  number  of 
experiments  to  be  conducted  will  be  numerous,  requiring  lot  of 
time  and  materials.  Shigyo  [23]  has  reported  the  development  of 
catalyst  and  gas  diffusion  MEA  Layer  for  PEMFC  using  Taguchi’s 
method.  Therdthianworng  et  al.  [24]  has  investigated  the  mem¬ 
brane  electrode  assembly  hot  pressing  parameters  for  PEMFC  using 
full  factorial  design.  Most  of  the  available  literature  on  the  statistical 
analysis  is  either  on  operating  parameters  or  on  the  groove  design 
(depth,  width,  etc.)  but  not  on  electrode  preparation  parameters.  In 
the  present  paper  attempts  have  been  made  to  optimize  the  elec¬ 
trode  preparation  parameters  using  statistical  analysis  to  minimize 
the  number  of  experiments. 

The  first  step  for  the  statistical  type  of  analysis  is  to  identify  the 
factors  and  their  levels,  which  requires  a  fundamental  understand¬ 
ing  of  electrode  process.  After  the  factors  and  levels  are  fixed,  the 
method  of  design  is  selected  depending  on  the  resources  available. 
There  are  several  experimental  designs  that  can  be  selected:  full 
factorial,  fractional  factorial  and  Taguchi  design  [25].  In  full  facto¬ 
rials  experiments,  responses  are  measured  at  all  combinations  of 
the  factors  levels,  which  may  result  in  large  number  of  runs.  In  the 
present  case,  a  two-level  full  factorial  design  with  6  factors  requires 
64  runs  (26).  To  minimize  the  time  and  computational  cost,  fac¬ 
torial  designs  that  exclude  some  of  the  factor  level  combinations 
can  be  used.  However,  choosing  the  best  fraction  often  requires 
specialized  knowledge  of  the  process  under  investigation.  In  the 
present  paper,  the  influences  of  cathode  electrode  performance  as 
a  function  of  Teflon  loading  in  the  substrate  materials,  amount  of 
micro-layer  carbon  and  Teflon  loading,  amount  of  pore  former  in 
the  micro-layer,  Platinum  and  Nation  loading  in  the  catalyst  layer 
have  been  studied.  Six  factors  each  at  two  levels  was  considered. 

2.  Experimental  design 

Using  Taguchi’s  experimental  design  for  the  PEM  fuel  cell 
cathodes  were  prepared  by  considering  six  main  factors  and  each 
at  two  levels,  the  details  of  which  are  given  in  Table  1 .  All  the  factors 
levels  are  chosen  based  on  our  on  going  research  activity  [6].  For 
substrate  Teflon,  the  results  are  good  at  lower  level  (10  wt%).  Below 
this  level  there  is  a  difficulty  in  removal  of  product  water  so  the 
level  2  was  chosen  greater  than  10wt%.  For  the  carbon  loading, 
total  loading  (anode  and  cathode)  of  2  and  3  mg  cm-2  was  chosen 
since  the  substrate  carbon  paper  is  thick  and  has  moderate  porosity 


Table  1 

Higher  and  lower  level  of  electrode  parameters  for  analysis. 


Factors 

Parameters  (cathode) 

Lower  level  (1) 

Upper  level  (2) 

A 

Teflon  loading  on  GDM 

10  wt% 

30wt% 

B 

Micro-layer  carbon  loading 

2  mg  cm-2 

3  mg  cm-2 

C 

Teflon  loading  on  micro-layer 
carbon 

20  wt% 

30wt% 

D 

Pore  former  loading 

30% 

60% 

E 

Nation  loading 

1  mg  cm-2 

2  mg  cm-2 

F 

Pt  loading 

0.3  mg  cm-2 

0.7  mg  cm-2 

Table  2 

Taguchi’s  experimental  design  U2  for  6  factors  and  each  at  2  levels. 


1  denotes  lower  level  of  a  factor  and  2  denotes  the  upper  level.  The  current  density 
as  the  response  parameters. 

compared  to  carbon  cloth.  In  the  micro-layer,  the  performance  is 
good  at  lower  level  (20  wt%  Teflon).  If  the  loading  is  reduced  then 
the  removal  of  product  water  from  catalyst  layer  is  difficult  so  Teflon 
with  higher  level  (30wt%)  is  chosen.  The  pore  former  reported  in 
the  literature  are  in  the  range  of 30-40%.  We  have  chosen  high  levels 
at  60%  to  improve  the  porosity  of  the  electrode.  The  catalyst  loading 
(0.25  mg  cm-2  for  the  anode  and  0.5  mg  cm-2  for  the  cathode  side) 
is  based  on  published  literature  and  our  own  research  work.  From 
cathode  loading  of  0.5  mg  cm-2,  we  have  decreased  by  0.2  mg  cm-2 
for  the  lower  level  and  increased  by  0.2  mg  cm-2  for  the  higher  level. 
The  Nation  loading  level  is  chosen  according  to  the  Pt  loading.  In 
general  the  factors  and  their  levels  should  be  chosen  such  that,  no 
overlap  in  the  response  values.  The  levels  should  also  cover  the 
region  of  interest. 

2.1.  Electrode  preparation 

Toray  carbon  paper  of  thickness  0.36  has  been  used  as  substrate 
material.  The  substrate  paper  is  impregnated  with  Teflon  by  dipping 
method.  A  different  loading  of  Teflon  was  achieved  using  different 
dilution  of  Teflon  solution.  The  diffusion  layer  slurry  was  prepared 
separately  with  different  loading  of  Teflon  and  was  coated  over  the 
substrate  materials  separately  by  screen-printing  method.  The  20% 
Pt/C  catalyst  was  mixed  with  Nation  and  then  coated  over  the  dif¬ 
fusion  layer  by  brush  method.  Nation  membrane  1135  from  DuPont 
USA  is  used  as  an  electrolyte.  Cathodes  with  different  composi¬ 
tions  were  prepared  according  to  details  given  in  Table  1 .  For  each 
MEA  catalyst  slurry  was  prepared  separately  and  coated  on  the 
gas  diffusion  layer.  After  each  step  the  electrodes  were  weighed 
using  electronic  balance  (accuracy  0.001  mg)  and  compared  with 
actual  weight  gain  expected  and  found  that  the  variation  is  less 
than  ±2%.  Since  the  difference  between  the  two  levels  is  large,  the 
small  changes  will  not  alter  the  analysis. 

The  composition  of  anode  electrode  for  all  the  membrane  elec¬ 
trode  assemblies  remained  the  same.  The  experimental  parameter 
matrix  as  Taguchi  method,  planned  for  this  study  is  given  in  Table  2. 
An  electrode  area  of  30  cm2  was  used  in  these  studies.  All  electrodes 
were  tested  using  hydrogen/air  with  RH  of  90  and  70%,  respec¬ 
tively.  These  cells  are  tested  under  ambient  pressure  and  at  a  cell 
temperature  of  60  °C  using  Arbin  automated  test  station. 

3.  Brief  narration  about  the  conduct  of  the  experiment 

A  designed  experiment,  L12  was  conducted.  The  design  layout 
is  given  in  Table  2.  Each  treatment  combination  was  replicated 
twice.  All  these  24  trials  were  run  in  a  random  order  and  the 
polarization  behavior  of  the  electrode  using  electronic  load  box 
from  Arbin  instruments  was  obtained,  which  has  an  accuracy 
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Table  3 

The  response  of  main  effect  as  a  function  of  current  density. 


Factors  run  no. 

A 

B 

C 

D 

E 

F 

Cell  voltage,  volt  @  various  current  density,  A  cm-2 

0.1  0.2  0.3  0.4 

MEA  1 

1 

1 

1 

1 

1 

1 

0.752 

0.695 

0.640 

0.591 

MEA  2 

1 

1 

1 

1 

1 

2 

0.755 

0.696 

0.645 

0.595 

MEA  3 

1 

1 

2 

2 

2 

1 

0.756 

0.698 

0.652 

0.600 

MEA  4 

1 

2 

1 

2 

2 

1 

0.740 

0.655 

0.570 

0.448 

MEA  5 

1 

2 

2 

1 

2 

2 

0.778 

0.730 

0.690 

0.650 

MEA  6 

1 

2 

2 

2 

1 

2 

0.685 

0.625 

0.565 

0.495 

MEA  7 

2 

1 

2 

2 

1 

1 

0.705 

0.623 

0.500 

0.350 

MEA  8 

2 

1 

2 

1 

2 

2 

0.719 

0.605 

0.474 

0.320 

MEA  9 

2 

1 

1 

2 

2 

2 

0.792 

0.752 

0.705 

0.636 

MEA  10 

2 

2 

2 

1 

1 

1 

0.770 

0.696 

0.590 

0.440 

MEA  11 

2 

2 

1 

2 

1 

2 

0.796 

0.740 

0.675 

0.623 

MEA  12 

2 

2 

1 

1 

2 

1 

0.656 

0.510 

0.325 

0.105 

0.1  mA  resolution.  From  the  polarization  curves  the  cell  voltage  are 
recorded  at  various  current  densities  (0.1 -0.4  A  cm-2)  in  steps  of 
0.1  A  cm-2.  Table  3  gives  the  responses  (cell  voltage)  of  these  trials. 
Larger  the  value  of  cell  voltage  better  the  performance  at  the  same 
operating  current  density. 

4.  Result  and  discussion 

4.1.  Substrate  with  lower  %  Teflon  (treatment  combinations  1-6) 

The  Teflon  loading  in  the  substrate  is  kept  constant  for  the  first 
six  membrane  electrode  assemblies  and  other  factors  levels  are  var¬ 
ied:  in  MEA  1,  MEA  2  and  MEA  3,  the  besides  the  Teflon  loading, 
substrate  and  carbon  loading  are  constant.  For  the  first  two  MEAs 
all  the  5  factors  are  at  lower  level  and  the  only  variation  is  the  load¬ 
ing  Pt  in  MEA  2.  Improvement  in  performance  is  expected  in  the 
active  region,  but  both  the  polarization  curves  are  identical  at  all 
the  regions  as  shown  in  Fig.  1  (curves  a  and  b).  Increase  in  perfor¬ 
mance  is  not  seen  with  even  with  high  loading  of  Pt  on  the  electrode 
because  all  the  Pt  particles  do  not  participate  in  the  electrochemical 
reaction  due  to  low  amount  of  Nation  in  the  electrode.  This  infers 
that  the  ratio  of  Pt  to  Nation  is  critical  so  that  the  entire  Pt  particle 
have  good  triple  phase  boundary  at  the  interface  to  improve  the 
ionic  conductivity.  In  MEA  3,  low  level  of  Pt  and  high  level  of  Nation 
does  not  affected  the  performance  more  pore  former  in  the  elec¬ 
trode  structure.  The  performance  of  MEA  3  is  almost  same  as  that 


of  MEA  1  and  2.  The  polarization  behaviors  of  first  three  electrodes 
are  shown  in  Fig.  1  (curves  a-c).  The  results  indicate  that  the  load¬ 
ing  of  high  amount  of  catalyst  does  not  improve  the  performance  of 
the  electrode,  without  the  proper  amount  of  Nation  in  the  electrode 
structure. 

In  MEA-4  (low  Pt  and  high  Nation),  the  carbon  loading  was 
increased  and  Teflon  content  is  decreased  compared  to  MEA  3.  The 
performance  of  the  electrode  is  very  poor  because  of  less  amount  of 
Teflon  content  in  the  micro-layer  and  high  amount  Nation  in  the  cat¬ 
alyst  layer.  The  micro-layer,  which  contains  less  amount  of  Teflon, 
will  allow  Nation  deep  into  pores  of  micro-layer  during  the  coating 
of  catalyst  layer.  This  will  improve  the  wetting  properties  of  car¬ 
bon  and  the  micro-porous  layer  become  more  hydrophilic  and  hold 
more  water  molecule  and  leads  to  flooding.  The  electrode  showing 
high  over  potentials  is  seen  even  at  low  current  density  regions.  So 
the  micro-layer  carbon  and  Teflon  plays  a  significant  role  in  the  elec¬ 
trode  performance  particularly  when  the  concentration  of  Nation 
is  high  in  the  catalyst  layer.  The  results  are  shown  in  Fig.  2( curve  a). 
In  MEA  5  (high  Pt  and  high  Nation),  where  the  micro-layer  Teflon 
loading  and  Pt  loading  in  the  catalyst  layer  are  increased,  there  is 
no  significant  change  in  performance  up  to  300  mA cm-2  (simi¬ 
lar  to  Fig.  1 ),  but  beyond  this  current  density  there  is  considerable 
increase  in  performance.  This  clearly  indicates  that  the  higher  load¬ 
ing  of  catalyst  in  the  catalyst  layer  needs  higher  concentration  of 
Nation  to  improve  the  electrode  performance.  The  higher  Teflon 
content  in  the  micro-layer  carbon  also  helps  in  improvement  of  the 
product  water  removal  from  the  catalyst  layer,  so  the  mass  transfer 
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occurs  only  after  700  mAcm-2,  shown  in  Fig.  2(curve  b).  In  MEA  6 
(low  Nation  and  high  Pt),  the  concentration  of  Nation  is  decreased 
to  50%  compared  to  MEA-5,  resulting  in  over  all  loss  in  all  regions  of 
polarization  curve  due  to  low  loading  of  electrolytes  in  the  catalyst 
layer,  which  leads  to  poor  ionic  conductivity  at  the  interface,  shown 
in  Fig.  2(curve  c).  The  role  of  Nation,  catalyst  and  loading  of  Teflon  in 
the  micro-layer  is  very  critical  in  determining  performance  of  the 
electrode. 

4.2.  Substrate  with  high  %  Teflon  (treatment  combinations  6- 12 ) 

The  performances  of  the  electrodes  having  high  percentage  of 
Teflon  in  the  substrate  materials  and  low  carbon  loading  on  the 
micro-layer  are  reported  in  MEAs  7-9.  The  other  factors  like  Teflon 
content  in  the  micro-layer,  pore  former,  catalyst  loading  and  Nation 
content  in  the  catalyst  are  varied  randomly.  The  results  are  shown 
in  Fig.  3(curves  a-c).  The  performance  of  MEA  7  and  8  are  very 
poor  (curves  a  and  b  in  Fig.  3).  The  catalyst  layer  composition  of 
MEA  7  (high  GDM  Teflon  and  low  Pt  and  Nation)  is  similar  to  MEA 
1,  but  still  the  performance  of  the  electrode  is  poor,  this  is  mainly 
due  to  high  Teflon  content  in  the  substrate  material  and  not  due 
to  high  Teflon  content  in  the  micro-layer  carbon.  Even  though  the 
MEA  8  (high  Nation  and  high  Pt),  has  high  Pt  and  Nation  loading 
in  the  catalyst  layer  it  is  not  sufficient  enough  to  improve  the  elec¬ 
trode  performance  because  of  high  Teflon  loading  on  the  substrate 
materials.  This  may  be  attributed  to  increased  electrical  resistance 
of  the  electrode  by  higher  Teflon  content  in  the  substrate.  The 
change  in  pore  former  percentage  has  not  shown  any  effect  on 
the  performance.  In  MEA  9  (GDM  Teflon  high,  high  Pt  and  Nation), 
the  micro-layer  Teflon  loading  is  decreased  from  30  to  20%  com¬ 
pared  to  MEA  8.  There  is  considerable  increase  in  performance, 
which  indicates  that  the  overall  amount  of  Teflon  in  the  electrode 
is  responsible  for  poor  performance  in  MEA  7  and  MEA  8.  However 
the  performance  is  at  par  with  best  electrode  performance  up  to 
current  density  of  400 mAcm-2.  Beyond  this  current  density  the 
drop  in  voltage  is  high  due  to  high  electrical  resistance  and  less 
porosity  offered  by  the  electrode  due  to  high  Teflon  content  in  the 
substrate. 

MEAs  10-12  have  high  Teflon  content  in  the  substrate  material 
and  high  loading  of  carbon  in  the  micro-layer  for  all  the  three  MEAs 
of  the  gas  diffusion  layer.  The  performance  of  all  the  electrodes  is 
poor.  The  results  are  shown  in  Fig.  4a-c.  The  MEA  12  (low  Pt  and 
high  Nafion),  having  low  Pt  and  high  loading  of  Nafion  in  the  cat¬ 


alyst  layer  should  have  performed  better  as  discussed  earlier,  but 
MEA  shows  very  poor  performance  because  of  high  electrical  resis¬ 
tance  due  to  Teflon  in  the  substrate  and  less  porosity  due  to  low 
percentage  of  pore  former.  The  performance  of  MEA  10  (low  Pt  and 
low  Nafion)  was  less  compared  to  MEA  11  (low  Nafion  and  high  Pt) 
because  the  low  loading  of  platinum  and  less  pore  former  in  the 
electrode  structure  and  more  Teflon  content  in  both  in  micro-layer 
and  also  on  the  substrate  of  the  gas  diffusion  layer.  The  performance 
of  MEA  1 1  is  slightly  better  than  other  two  MEAs  because  it  has  more 
porous  structure  in  the  diffusion  layer  and  less  electrical  resistance 
between  the  micro-layer  and  the  catalyst  layer  because  the  over¬ 
all  Teflon  content  in  the  electrode  is  less  compared  to  other  two 
MEAs. 

From  the  above  four  sets  of  membrane  electrode  assemblies,  the 
best  membrane  electrode  assembly  performance  in  each  category 
(MEA  3,  5,  9  and  11)  are  compared  as  shown  in  Fig.  5.  The  perfor¬ 
mance  of  MEAs  5,  9, 11  is  almost  same  up  to  400  mAcm-2  current 
density.  Beyond  this  current  density  the  performance  of  MEA  9  and 
11  are  poor,  due  to  high  electrode  resistance  and  poor  gas  perme¬ 
ability  because  of  high  Teflon  content  on  the  substrate  materials. 


Fig.  5.  Performance  comparisons  of  best  membrane  electrode  assemblies  3, 5, 9  and 
11. 
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Table  4 

Factors  rank  at  various  current  density  using  statistical  analysis. 


Factors 

Current  density,  mA  cm-2 

100 

200 

300 

400 

GDM  PTFE 

5 

2 

1 

1 

ML  carbon 

3 

5 

4 

5 

ML  PTFE 

2 

6 

6 

6 

ABC 

4 

3 

3 

3 

Nation  cathode 

6 

4 

5 

4 

Pt  cathode 

1 

1 

2 

2 

MEA  9  performance  is  better  than  MEA  11  this  may  be  due  high 
loading  of  Nation  and  Pt  in  the  catalyst  layer.  The  performance  of 
MEA  3  is  low  compared  to  other  three  electrodes,  due  to  low  load¬ 
ing  of  Pt  and  high  loading  of  Nation  in  the  catalyst  layer.  Among  12 
MEAs  evaluated  with  various  combinations  using  fraction  factorials 
method,  MEA  5  has  given  best  performance. 

The  response  of  main  effect,  i.e.,  current  density  with  respect 
to  various  factors  (Taguchi  analysis)  is  given  in  Table  3.  Based  on 
the  statistical  analysis,  using  Minitab  14,  the  ranking  of  factors  at 
various  current  densities  is  given  in  Table  4. 

The  analysis  clearly  indicates  that  at  lower  current  density, 
the  effect  of  Pt  loading  on  the  cathode  catalyst  layer  is  respon¬ 
sible  for  better  performance,  and  for  the  current  density  beyond 
200  mA  cm-2  substrate  (GDM)  Teflon  resistance  is  responsible  for 
altering  the  electrode  performance.  To  bring  all  the  factors  for  the 
analysis  the  ideal  range  of  current  density  is  300-400  mA cm-2. 
The  current  density  of  300  and  400  mAcm-2  range  is  in  the  ohmic 
region  of  the  polarization  curves.  As  expected  the  resistance  of 
the  substrate  increases  with  increase  in  concentration  of  Teflon. 
So  at  this  current  density  region  substrate  Teflon  is  the  first  sensi¬ 
tive  parameter  for  altering  the  performance.  The  second  sensitive 


parameters  is  the  Pt  loading  since  the  electrochemical  reaction 
occurs  on  the  Pt  surface,  so  altering  the  Pt  loading  will  alter  the 
reaction  rate.  The  third  parameter  is  the  pore  former  in  the  gas  dif¬ 
fusion  layer  because  the  current  drawn  depends  on  the  quantity 
of  gas  available  at  diffusion  layer/catalyst  layer  interface.  The  gas 
supply  to  the  catalyst  layer  depends  the  porosity  of  the  diffusion 
layer.  Even  though  carbon  loading  and  Nation  loading  compete  for 
the  forth  and  fifth  place,  Nation  has  to  be  placed  fourth  because  the 
catalyst  layer  ionic  conductivity  and  the  mobility  of  proton  in  the 
catalyst  layer  strongly  depends  on  the  concentration  of  Nation.  The 
carbon  loading  ranked  5th  in  the  statistical  rank  table  in  the  range  of 
current  density  operated  may  not  have  great  influence  on  the  per¬ 
formance.  The  micro-layer  Teflon  is  ranked  last  in  the  table.  This 
clearly  indicates  that  the  level  chosen  is  narrow  and  this  will  not 
significantly  alter  the  performance  in  the  range  of  current  density 
operated. 

The  main  effect  plots  at  various  current  densities  are  shown 
in  Fig.  6(a-c).  At  lower  100  mA  cm-2  the  over  potential  varia¬ 
tion  between  the  two  GDM  Teflon  levels  is  only  5  mV.  But  at 
400  mAcm-2  current  density  the  drop  in  voltage  between  two  lev¬ 
els  is  145  mV.  In  the  case  of  carbon  loading  the  drop  in  voltage 
from  between  two  levels  at  higher  current  density  is  only  48  mV. 
In  the  case  of  micro-layer  Teflon  the  over  voltage  variation  is  only 
30  mV.  In  the  case  of  pore  former,  when  the  level  is  increased  to  2 
at  400  mAcm-2  the  increase  in  over  voltage  is  about  70  mV.  In  the 
case  of  Nation  the  voltage  variation  is  almost  similar  to  micro-layer 
carbon  loading.  In  the  case  of  Pt  the  over  voltage  drop  between  the 
two  levels  at  all  current  density  is  higher  compared  to  other  fac¬ 
tors.  The  minimum  voltage  drop  at  100 mAcm-2  is  24 mV  and  at 
400  mAcm-2  is  124 mV.  So  two  factors  which  have  positive  effects 
are  pore  former  and  Pt  loading.  All  other  factors  have  negative  effect. 
The  over  voltage  drop  in  this  graph  are  justified  the  ranking  given 
in  Table  4. 
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Main  Effects  Plot  (data  means)  for  Means 
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Fig.  6.  (a-c)  The  main  effect  plots  at  various  current  densities. 
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Fig.  7.  Performance  reproducibility  of  membrane  electrode  assembly  5. 


5.  Interpretation 

From  the  above  statistical  analysis,  the  role  of  each  factors  are 
very  clear.  The  Teflon  content  in  the  substrate  has  very  high  influ¬ 
ence  on  the  performance  irrespective  of  other  factor  levels.  This 
clearly  indicates  increase  in  Teflon  content  in  the  substrate  will 
increase  the  electrical  resistance  (the  resistivity  of  carbon  paper 
with  lower  level  (10wt%  Teflon)  is  about  115  m^  cm  and  when 
the  loading  is  increased  to  20  wt%,  the  resistivity  values  increased 
to  130  m^  cm).  The  increase  in  Teflon  content  also  decreases  the 
porosity  of  the  carbon  paper.  The  Gurley  number  of  the  paper  is 
reduced  from  90  to  82  with  10wt%  Teflon  loading  and  reduced 
further  to  74  when  the  Teflon  is  increased  to  20wt%.  In  case  of 
micro-layer  carbon  loading,  since  the  variation  in  over  potential  is 
very  narrow,  change  in  level  is  not  going  alter  to  great  extent.  Fur¬ 
ther,  the  optimum  Teflon  content  in  the  micro-layer  appears  to  be 
30%  which  facilitates  the  removal  of  water  from  the  catalyst  layer. 
The  possibility  of  flooding  in  the  diffusion  layer  is  less  with  higher 
loading  of  Teflon  than  lower  loading  of  Teflon  in  the  micro-porous 
layer.  In  case  of  pore  former  as  reported  in  the  literature,  30%  is  suf¬ 
ficient  enough  to  give  the  porous  structure,  so  adding  excess  %  of 
pore  former  does  not  significantly  alter  the  performance  of  MEAs 
tested  with  in  the  range  of  current  density  operated.  In  the  case 
of  Nation,  the  loading  is  linked  with  the  amount  of  catalyst  used. 
At  lower  level  of  Nation  and  the  Pt  loading  the  performance  of  the 
electrode  is  better  up  to  400  mA cm-2,  but  low  Nation  with  high 
Pt  loading  shows  poor  performance.  When  both  the  Nation  and  Pt 
loading  are  at  higher  level,  the  performance  of  the  MEA  is  good  even 
beyond  400  mA  cm-2. 

6.  Piloting  (confirmatory  trials) 

Based  on  12  experiments  conducted  using  statistical  analysis, 
MEA- 5  (Al  B2  C2  D1  E2  F2)  has  given  best  performance  up  to 
700  mA  cm-2  compared  to  other  MEAs.  To  reconfirm  MEA-5  per¬ 
formance,  two  more  MEAs  are  prepared  with  same  composition  of 
gas  diffusion  layer  and  catalyst  layer  and  are  tested  under  identical 
conditions.  The  polarization  curve  of  this  electrode  was  compared 
with  polarization  behavior  of  MEA  5  is  shown  in  Fig.  7(curves  a-d). 
The  performance  follows  the  same  trend  and  the  difference  in  per¬ 
formance  is  only  less  than  7%,  up  to  400  mA  cm-2  current  density 
which  is  acceptable  for  the  porous  gas  diffusion  electrodes. 


7.  Conclusion 

The  paper  has  established  that  judicious  use  of  statistical  anal¬ 
ysis  can  reduce  the  number  of  experiments  in  arriving  at  optimum 
configuration  for  an  electrode  in  PEM  fuel  cell  studies.  This  will  help 
to  minimize  the  wastage  of  materials  and  also  time.  Based  on  the 
above  analysis,  we  can  conclude  that  out  of  six  parameters,  Pt  load¬ 
ing  and  GDM  Teflon  significantly  alters  the  performance.  Increase 
in  Pt  loading  has  positive  impact  on  the  performance  and  however 
the  increase  in  GDM  PTFE  has  negative  impact  on  the  performance. 
The  other  point  derived  from  the  data  is  Pt  and  pore  former  have 
positive  effect  on  the  performance  and  all  the  other  factors  has  neg¬ 
ative  impact  on  the  performance.  Based  on  the  above  experiments, 
we  were  able  to  identify  the  factors,  which  are  responsible  for  the 
good  and  poor  performance  of  the  electrodes.  To  achieve  further 
clarity  on  the  factors  particularly  at  higher  current  density  greater 
than  0.4  A  cm-2,  the  statistical  analysis  has  to  be  carried  out  with 
a  minimum  number  of  factors  (3  or  4)  and  their  levels  should  be 
more  than  two. 

Acknowledgements 

The  authors  would  like  to  thank  Dr.  G.  Sundararajan,  Director, 
ARCI,  for  supporting  this  work  and  Department  of  Science  and  Tech¬ 
nology,  Government  of  India,  for  financial  support. 

References 

[1]  M.  Grujicic,  C.L.  Zhao,  K.M.  Chittajallu,  J.M.  Ochterbeck,  Mater.  Sci.  Eng.  B  108 
(2004)241-252. 

[2]  M.  Grujicic,  K.M.  Chittajallu,  Appl.  Surf.  Sci.  227  (2004)  56-72. 

[3]  B.  Wahdame,  D.  Candusso,  J.-M.  Kauffmann,  J.  Power  Sources  156  (2006)  92- 
99. 

[4]  E.  Passalacqua,  F.  Lufrano,  G.  Squadrito,  A.  Patti,  L.  Giorgi,  Electrochim.  Acta  43 
(1998)3665-3673. 

[5]  L.  Giorgi,  E.  Antolini,  A.  Pozio,  E.  Passalacqua,  Electrochim.  Acta  43  (1998) 
3675-3680. 

[6]  G.  Velayutham,  J.  Kaushik,  N.  Rajalakshmi,  K.S.  Dhathathreyan,  Fuel  Cell  7 
(2007)314-318. 

[7]  J.R.  Jordan,  A.K.  Shukla,  T.  Behrsing,  N.R.  Avery,  B.C.  Muddle,  M.  Forsyth,  J.  Appl. 
Electrochem.  30  (2000)  641-646. 

[8]  J.R. Jordan,  A.K.  Shukla, T.  Behrsing,  N.R.  Avery,  B.C.  Muddle,  M.  Forsyth, J.  Power 
Sources  86  (2000)  250-254. 

[9]  E.  Passalacqua,  G.  Squadrito,  F.  Lufrano,  A.  Patti,  L.  Giorgi,  J.  Appl.  Electrochem. 
31  (2001)449-454. 

[10]  E.  Passalacqua,  F.  Lufrano,  G.  Squadrito,  A.  Patti,  L.  Giorgi,  Electrochim.  Acta  46 
(2001)799-805. 

[11]  E.  Antolini,  L.  Giorgi,  A.  Pozio,  E.  Passalacqua,  J.  Power  Sources  77  (1999) 
136-142. 

[12]  S.  Srinivasan,  E.A.Ticianelli,  C.R.  Derouin,  A.  Redondo,  J.  Power  Sources  22  (1988) 
359-375. 

[13]  E.A.  Ticianelli,  C.R.  Derouin,  A.  Redondo,  S.  Srinivansan,  J.  Electrochem.  Soc.  135 
(1988)  2209-2214, 136-142. 

[14]  G.  Sasi  Kumar,  M.  Raja,  S.  Parthasarathy,  Electrochim.  Acta  40  (1995)  285- 
290. 

[15]  E.  Giilzow,  M.  Schulze,  N.  Wagner,  T.  Kaz,  A.  Schneider,  R.  Reissner,  Fuel  Cells 
Bull.  2  (1999)  8-12. 

[16]  C.S.  Kim,  Y.G.  Chun,  D.H.  Peck,  D.R.  Shin,  Int.  J.  Hydrogen  Energy  23  (1998) 
1045-1048. 

[17]  A.A.  Kulikovsky,  Electrochim.  Acta  49  (2004)  5187-5196. 

[18]  A.A.  Kulikovsky,  Electrochem.  Commun.  6  (2004)  969-977. 

[19]  W.  Ying,  J.  Ke,  W.Y.  Lee,  T.H.  Yang,  C.S.  Kim,  Int.  J.  Hydrogen  Energy  30  (2005) 
1351-1361. 

[20]  W.  Sun,  B.A.  Peppley,  K.  Karan,  Electrochim.  Acta  50  (2005)  3359- 
3374. 

[21]  K.W.  Lum,  J.J.  McGuirk,  J.  Electrochem.  Soc.  152  (2005)  A811-A817. 

[22]  Q,  Guo,  V.A.  Sethuraman,  R.E.  White,  J.  Electrochem.  Soc.  151  (2004) 
A983-A993. 

[23]  K.  Shigyo,  H.  Nishiguchi,  Abstract  540,  ECS  meeting  Oct,  2006,  p.  602. 

[24]  A.  Therdthianwong,  P.  Manomayidthikarn,  S.  Therdthianwong,  Energy  32 
(2007)2401-2411. 

[25]  A.  Bendell,  J.  Disney,  W.A.  Pridmore,  Taguchi  Methods:  Applications  in  World 
Industry,  IFS,  Bedford,  UK,  1989. 


